Abstract Albedo is an important quantity for determining the energy balance of snow and ice surfaces and thus also for the mass balance of glaciers. It is especially important in polar regions where shortwave radiation fluxes typically provide most of the energy input to a glacier. In order to use albedo data in any spatially distributed glaciological modeling, it is vital that the albedo fields are not only of high accuracy but also available on sufficiently high spatial resolution and in a manner that is consistent over time. This article presents the newly developed data set HiRSvaC500-a, which provides daily updated, gapless albedo fields for all glacierized areas of the Arctic archipelago Svalbard on a 500 m resolution over the period 1979-2015. Albedo modeling for creation of the data set is done using a multistep geostatistical approach on the basis of remotely sensed Moderate Resolution Imaging Spectroradiometer (MODIS) albedo data and gridded ERA-Interim climate data. Validation of the modeled HiRSvaC500-a albedo fields against in situ albedo measurements at automatic weather stations operated on two different glaciers suggests that the accuracy of the newly developed data set lies close to that of remotely sensed MODIS albedo data. An analysis of the HiRSvaC500-a albedo data set yields a mean annual-average albedo of 0.754 across all glaciers of Svalbard over 1979-2015. A decrease of albedo with time is found, following a highly significant (95% level) trend of 20.010 per decade. For certain subregions, this trend even reaches up to 20.014 per decade.
Introduction
The albedo of ice and snow surfaces is a vital and important factor for determining the energy and mass balance of glaciers and a crucial parameter for any related modeling attempts [e.g., Dumont et al., 2012; Gardner and Sharp, 2010; Hock, 2005; Paul et al., 2005] . In Svalbard, several regionally limited studies have employed albedo data from the Moderate-Resolution Imaging Spectroradiometer (MODIS) satellite in glaciological modeling [e.g., Greuell et al., 2007; M€ oller et al., 2011; M€ oller, 2012] . Regarding archipelago-wide modeling attempts, albedo variability has, so far, only been accounted for by implicit modeling within the framework of a more comprehensive regional climate model application [Lang et al., 2015] . Archipelagowide albedo modeling with a spatially invariant, fixed parameter model has been done within the framework of a recent climatic mass balance study [Aas et al., 2016] .
The European Arctic archipelago Svalbard is to a large extent covered by its 33,775 km 2 of glaciers and ice caps [Nuth et al., 2013; K€ onig et al., 2014] . The regional character of these glacierized areas shows considerable differences across the archipelago (Figure 1 ). The north-eastern parts are mostly covered by large ice caps, the southern and north-western parts by extensive ice fields and the centrally located parts by smaller valley glaciers. This inhomogeneous character induces specific requirements for spatially distributed data, including albedo, that could be used as input to numerical glaciological modeling. The spatial resolution of these data has to be fine enough to ensure an adequate exactness in covering even the smaller glacierized areas and in reproducing the underlying terrain features. Otherwise, inaccuracies of hardly quantifiable magnitude could be induced in any mass balance-modeling attempt [e.g., Aas et al., 2016; M€ oller et al., 2016] .
The aim of this paper is to present the newly developed albedo data set HiRSvaC500-a. This data set is the first part of the HiRSvaC500 (High-Resolution Svalbard Climatology) data set family, which will provide different climate and glacier surface-related variables that are relevant for glaciological modeling. It shows a 500 m spatial and daily temporal resolution, covering all glacierized areas of Svalbard (Figure 1 ) over the mass balance years 1979 /1980 (September 1979 to August 2015 . The regular grid of the HiRSvaC500-a data set is registered to zone 33N of the Universal Transverse Mercator (UTM) coordinate system with reference ellipsoid World Geodetic System 1984 (WGS84) and extends over an area of 920 columns by 1000 rows. All future members of the HiRSvaC500 data set family will be georeferenced accordingly.
The HiRSvaC500-a albedo fields are created by geostatistical modeling on the basis of MODIS satelliteremote sensing data and ERA-Interim reanalysis climate data. Traditional approaches model albedo as a pure function of different predictor variables. This function could either be empirically based or physically based [e.g., Arendt, 1999; Brock et al., 2000; Essery et al., 2005] , but in any case, it works in a way that the spatial variability of albedo fully depends on the spatial variability of the predictor variables. In contrast to these approaches, our model relies on observed spatial albedo variability and is trained to reproduce this Figure 1 . Spatial overview of the Svalbard archipelago and all data relevant for albedo modeling. Glaciers covered by the HiRSvaC500-a data set are shown along with the locations of ERA-Interim grid points from which data are used as predictors during modeling. The locations of the automatic weather stations on De Geerfonna (AWS1) and on Elfenbeinbreen (AWS2) are shown in yellow. The locations of the main settlements are indicated in green. The spatial extent of the individual grids of the HiRSvaC500-a data set is indicated by the dashed rectangle. Subregions considered in the analysis are delineated by blue lines and named using roman numbers. Names of individual ice caps mentioned in the text are given in italics and those of the main islands of the archipelago in bold italics. The map projection used is Universal Transverse Mercator (UTM) zone 33N.
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M € OLLER AND M € OLLER SVALBARD GLACIER ALBEDO: HiRSvaC500-avariability on the basis of commonly used climate predictor variables. It is thus also able to capture characteristic spatial patterns of albedo that lie outside the responsibility of direct climate forcing, like, for example, albedo decreases in areas with frequent occurrence of cryoconite holes or altered timing of bare ice exposure due to terrain-dependent snowdrift influences. The modeling approach used considers both longterm climate variability over the course of a glacier mass balance year and short-term daily weather conditions as forcing. The long-term climate variability over the course of each mass balance year that influences the albedo evolution is accounted for by considering cumulative positive degree days and cumulative snowfall. The usage of these climate variables as main predictors for long-term albedo variability has already been successfully applied in albedo modeling [M€ oller, 2012] . The daily weather conditions that influence the short-term variability of albedo are accounted for by considering daily mean 2 m air temperatures.
Based on this new HiRSvaC500-a albedo data set, we analyze and discuss the spatiotemporal variability of glacier albedo across Svalbard. We derive characteristic, archipelago-wide spatial patterns and characteristic intra-annual temporal patterns of albedo and analyze them with respect to their long-term evolution over the 1979/1980-2014/2015 period. This analysis is carried out both integrated over the entire archipelago and individually integrated over nine different subregions (Figure 1 ).
Potential future applications of the HiRSvaC500-a data set that extend beyond our analysis comprise not only usage as input variable to glacier mass balance models [e.g., M€ oller et al., 2011] but also usage as a high-resolution proxy for local mass balance studies [e.g., Dumont et al., 2012; Greuell et al., 2007; Wang et al., 2015; Wu et al., 2015] .
Data Basis
The creation of the HiRSvaC500-a data set requires three different climate variables. These are derived from daily mean 2 m air temperature and daily total precipitation data from the ERA-Interim reanalysis project [Dee et al., 2011] supplied by the European Centre for Medium-Range Weather Forecasts (ECMWF). Also required are daily data of spatially distributed glacier-surface albedo which are taken from the MOD10A1 version 5 snow product [Hall and Riggs, 2007; Hall et al., 2002] . This product is based on observations of the MODIS sensor onboard the Terra satellite. In addition, a terrain height data set is required, that is provided by the Norwegian Polar Institute. Automatic weather station (AWS) shortwave radiation data are used during the validation of the data set.
Gridded Climate Data
From the 0.758 resolution, daily ERA-Interim data sets a total of 133 grid points within the region 75.758N-81.008N and 10.508E-33.758E is used (Figure 1 ). These grid points were chosen to fulfill two conditions. First, they are situated on or in vicinity to the archipelago. Second, they have glacierized areas in their direct vicinity, i.e., between themselves and at least one of the eight adjacent grid points. Daily data at these 133 grid points are averaged to create archipelago-wide spatial means. The ERA-Interim data cover the years 1979-2015. From the daily mean 2 m air temperature time series, two different climate-variable time series are derived. The first one is a time series of daily mean 2 m air temperature (T) itself. The second one is a time series of daily values of cumulative positive degree days (CP). The CP are created over 1 year periods with starts at the beginning of each new mass balance year, i.e., at the 1 September. The third and last climate-variable time series is derived from the daily total precipitation time series. It is a time series of daily values of cumulative snowfall (CS), with the continuous accumulation being based on the same 1 year periods as for the CP time series. For the creation of CS, occurring daily precipitation is considered as snowfall, if the corresponding daily mean 2 m air temperature lies below 0.08C. Figure 2 gives an overview of the temporal variability of CP, CS, and T.
night-induced darkness. In this study, we only use days 47-297 of each year for the entire archipelago in order to avoid discontinuities of the albedo field calculations at the border of the two tiles. The tiles are bilinearly reprojected to UTM 33N to fit the registration of the HiRSvaC500 data set family. Albedo data within the MOD10A1 version 5 snow product, however, only cover up to 96.04% of the glacierized areas of Svalbard due to occasional mismatches of the land mask at tidewater glacier fronts and a general mismatch of the land mask throughout the more northern tile (Figure 1 ). This fact is of particular significance along the calving, southeastern margins of Austfonna ice cap and for the ice cap on the outer island Kvitøya. In case of the latter, MODIS albedo data only cover a small stripe in the more southern part of the ice cap, while the rest of Kvitøya is not covered at all. [2010a, 2010b] and Schaaf et al. [2011] controversially discuss potential systematic biases of the MODIS snow product under conditions of high solar zenith angles of above $708. Due to the intended usage of the HiRSvaC500-a data set in glaciological modeling, the ablation-season albedo is by far most important. As during the summer months, local noon zenith angles lie clearly below the $708 threshold across Svalbard, this means that MOD10A1 data are fully applicable for the here intended purpose. Apart from that, more detailed and careful considerations of all aspects of this issue and comparisons with in situ measurements yielded that the MOD10A1 data can be seen as a reliable representation of in situ conditions on Svalbard [M€ oller et al., 2011; M€ oller, 2012] .
Wang and Zender

Terrain Data
The digital elevation model (DEM) which is used to represent terrain heights is derived from the Terrengmodell Svalbard (S0 Terrengmodell) [NPI, 2014] . Its original version shows a 50 m horizontal resolution, but it is bilinearly resampled and coregistered to the 500 m horizontal resolution Universal Transverse Mercator (UTM) 33N grid of the HiRSvaC500 data set family. 
Automatic Weather Station Data
In situ albedo measurements used for validation purposes are taken from the hourly records of two AWS (Figure 1 ). AWS1 was operated on the small ice body De Geerfonna at 240 m a.s.l. slightly below the local long-term equilibrium line altitude (ELA) on a debris-free, homogeneous, little inclined surface. AWS2 was operated on the valley glacier Elfenbeinbreen at 400 m a.s.l. close to the regional long-term ELA on a homogeneous and little inclined surface that is far from larger supraglacial debris accumulations. These AWS locations represent two complete different terrain settings in two different subregions of the archipelago. At both AWS, incoming and reflected shortwave radiation fluxes were measured and daily mean albedo is calculated from hourly records of the daylight period within each day. At AWS1, measurements were done using two Campbell Scientific CS300 pyranometer sensors at an accuracy of 65%. At AWS2, measurements were done using the Kipp and Zonen net radiometer CNR1 at an accuracy of 610%. The data sets cover the periods 27 May 2008 to 4 August 2011 (AWS1) and 7 April 2014 to 28 October 2014 (AWS2), respectively.
Methods
The creation procedure of the HiRSvaC500-a data set employs a geostatistical model that relates climate data means across the Svalbard archipelago to characteristic spatially distributed albedo patterns throughout the glacierized areas. The geostatistical model combines a lookup belonging to the data triples hCP i jCS i jã i i that fulfill the conditions:
In these Figure 3c ). This is because of varying degrees and spatial distributions of cloud coverage in the MODIS-based albedo fields. We aim at covering at least 95% of the potentially coverable part of 96.04% (cf. 2.2. MODIS Albedo Data) of these areas. Hence, during the creation of each a b CP; b
CS
, the widths of x CP and x CS are increased until the comprised number of MODIS albedo fields is high enough to facilitate a combined degree of coverage of the glacierized areas of at least 91.24%, i.e., 95% of 96.04%. This is the case for moving-window widths of 3.4 6 3.5 percentiles on average ( Figure 3a) . 
. The final table underlies the usual assumption of stationarity of present conditions, which in some way or another has to be made for all statistically based types of models. The modeling implicitly assumes that the relationships between climate and albedo distribution, which were present during the calibration period (2000/2001-2013/2014 ) are also valid during the rest of the application period (1979/1980-1999/2000 and 2014/2015) . This means that the lookup table is not able to correctly account for nonclimate-related changes of surface characteristics that altered the appearance of glacier surfaces just within the calibration period. Such a change might for example be the result of debris deposition in response to rock fall or else. In these cases, the model would assume the changed surface characteristic to be also present during the preceding time period. This unquantifiable shortcoming of the characteristic albedo fields stored in the lookup table has to be born in mind when working with the final HiRSvaC500-a albedo fields. Moreover, the fact that archipelago-wide means were used as reference CP and reference CS implies that any variability of climate conditions between the different subregions of the archipelago is ruled out in the model. This also results in unquantifiable uncertainty in the final HiRSvaC500-a albedo fields. Indeed, any variability that has been present in the calibration period is implicitly accounted for in the spread ofã i which are used for creation of each a b CP; b
, but it cannot be ruled out that variability which goes further beyond is not accounted for in the lookup table. 
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Regression-Based Adjustment Algorithm
From the lookup table, preliminary albedo fields are derived for all fitting days j. For one arbitrary day, this is done as follows: First, the mean archipelago-wide values of CP and CS at day j are determined (CP j and CS j ). Second, the lookup table is browsed through until the specific combination of reference CP ( c CP) and reference CS ( c CS) is reached that equals CP j and CS j . Third, the associated characteristic, long-term-evolved albedo field a b CP; b CS is retrieved. It now becomes the preliminary albedo field a Ã j . The retrieved albedo fields a Ã j form the basis for the next creation step. So far, they only represent the glacier-surface development in response to long-term climate conditions. No short-term influences of actual weather conditions at or around day j are accounted for, which leads to elevation-dependent errors in a Ã j (Figures 4a and 4b ). This elevation dependency is due to the fact that albedo evolution is strongly related to surface mass balance, which, in turn, shows a clear variability with terrain elevation.
In order to correct the elevation-dependent errors daily updated, linear functions of terrain elevation h (Figures 4a and 4b ) are fitted to the deviations between the modeled albedo fields a Ã j and the MODIS-observed albedo fieldsã j : (2)) that is fitted to the deviations. The box plots in the second column show the variability with daily mean air temperature of (c) the intercept r and (d) the slope s of these linear functions of terrain elevation. They include all daily values of r and s from the entire HiRSvaC500-a period, September 1979 to August 2015, and also show (c) the linear function (red line; equation (3a)) and (d) the exponential function (red line; equation (3b)) that are fitted to the sets of individual daily values of r and s. The graphs in the third column illustrate the albedo adjustments resulting from the application of the adjustment algorithm. The general variability of the albedo adjustments (equation (2)) according to daily mean air temperature and terrain elevation is shown (e) in the contour plot. Exemplarily, the variability of the albedo adjustments is also shown (f) for certain air temperatures (marked as dashed colored lines in Figure 4e In this equation, the albedo fields of day j and the terrain elevation h show full spatial variability across the modeling domain. The parameters r and s are spatially invariant, but are designed to vary with T in order to account for influences of short-term weather conditions. For representation of these conditions, also more frequently used variables like days after last snowfall [e.g., Arendt, 1999] or the rain/snow ratio over different preceding periods [M€ oller, 2012] were tested, but the performance of air temperature was found to be superior to the performances of these alternative variables. The variability of the parameters r and s according to daily mean air temperature (Figures 4c and 4d ) is approximated as: Now, prefinal albedo fields (a j ) can be derived by correcting the long-term evolved albedo fields a Ã j according to short-term weather conditions which are represented by daily mean air temperature variability. For this purpose, equations (2), (3a), and (3b) have to be merged, yielding:
This adjustment function generally decreases the albedo over all terrain elevations in the one-digit range ( Figure 4e ). However, the actual magnitude varies considerably according to air temperature ( Figure 4f ) because of the following: as a result of statistical distribution, the number of days within the study period with a certain air temperature decreases with increasing air temperature level. The warmest days are least frequent and mostly occur at the end of a mass balance year in July or August. They thus coincide with the limited number of days in the uppermost ranges of the distributions of the predictor variables cumulative positive degree days and cumulative snowfall. For the process of a successful albedo-model calibration, this means that at these days the size of the moving windows x CP and x CS has to be rather large in order to accommodate the required number of MODIS albedo fields. This in turn leads to the inclusion of days with predominantly lower values of the predictor variables, which tend to be characterized by generally higher albedo values, especially across higher terrain elevations. As a result, a negative correction of albedo is necessary across most parts of the existing air temperature range. Only at the very lowermost edge of the air temperature range the described effect is inverted, but much less distinct. The seemingly more distinct form of the effect in summer is, however, partly the result of an interference with another effect. The lower the albedo values become in summer, the more they approach the theoretic minimum of a zero albedo. Due to the existence of this absolute minimum, the distribution of the pixel values of the MODIS albedo fields within a given moving window show an increasing skewness with the overall decrease of albedo over the summer season. This in turn means, that with increasing air temperatures the effect becomes more distinct and the albedo tends to be increasingly overestimated in regions that are characterized by low albedo values.
This chain of arguing suggests that the biases in the preliminary albedo fields a Ã j which are corrected according to equation (4) are mostly method-induced and not physically explainable. Retrospectively, this warrants the use of air temperature as the basis for bias correction. This climate variable has the strongest influence and highest controlling power in the model and thus yields better results than more physically warranted variables like, e.g., days after last snowfall when used as representative for short-term weather conditions.
Extrapolation Algorithm
For creation of the final HiRSvaC500-a albedo fields, at first, the above outlined procedure is repeated for the entire 1979-2015 period. For each day k, characteristic, long-term-evolved albedo fields a Ã k are derived from the lookup table on the basis of archipelago-wide, mean values of CP and CS (CP k and CS k ). Time series of the daily varying parameters r T k ð Þ and s T k ð Þ are calculated according to equations (3a) and (3b) on the basis of archipelago-wide, daily mean air temperatures (T k ). Afterward, the a to surface elevation and separately for each day k. The resulting, gapless, daily albedo fields finally form the HiRSvaC500-a data set.
Data Set Availability
The albedo fields of the HiRSvaC500-a data set are available for download from the Pangaea earth science data repository via doi:10.1594/PANGAEA.871501 The data set is organized in netCDF files with each of them covering a period of one mass balance year. In total, 36 of these annual files (1979/1980-2014/2015) are available at the moment. The 36-years netCDF file is not part of the repository data, because it was too large. Episodic updates of the series of annual files with additional mass balance years will be realized depending on funding availability.
Results and Discussion
Description and discussion of the results is done in two parts. First, we present a detailed and in depth validation and evaluation of the newly introduced HiRSvaC500-a albedo data set. Its suitability for serving as model input within the scope of glaciological applications is discussed along with shortcomings of the data set and their potential implications. Second, we present a brief description and analysis of spatiotemporal albedo variability across the Svalbard archipelago over the entire data set period, i.e., 1979-2015.
Evaluation of the HiRSvaC500-a Data Set
The quality and accuracy of the HiRSvaC500-a albedo values at individual grid cells primarily and decisively depends on the type of their creation, i.e., whether the albedo of a given grid cell was directly modeled or whether it was extrapolated from neighboring grid cells. This in turn depends on whether the respective grid cell lies inside or outside of the coverage by MOD10A1 albedo data. Certain areas regularly have their HiRSvaC500-a albedo values created by extrapolation as they are never covered by MODIS-based albedo data (Figure 1 ) because of masking errors in the MOD10A1 product. This is especially the case for the outermost parts of a considerable number of tidewater glaciers. However, for the vast majority of the glacierized areas on Svalbard, daily varying cloudiness determines whether the albedo values of individual grid cells are based on modeling or extrapolation.
From Figure 3b , it can be seen that the number of MODIS albedo fields, which are necessary to reach the envisaged degree of coverage, increases substantially over the summer season. While for most months between 20 and 60, MODIS fields had to be considered for the creation of each daily albedo field, this number roughly doubles for albedo fields in August. This fact is explainable by a generally higher degree of cloudiness over the Arctic during summer and an additional increase toward a clear peak in August [Beesley and Moritz, 1999; Curry et al., 1996] , a pattern that is also characteristic over Svalbard [Ørbaek et al., 1999] . In agreement with the more wide-spread cloud cover during summer is the increase of areas in the HiRSvaC500-a albedo fields that needed to be created by extrapolation because of missing coverage with MODIS albedo data. On average, the uncovered areas reach their maximum extent of 7.8% of the total glacierized area in August (Figure 3c ), albeit the much higher number of MODIS albedo fields considered ( Figure  3b ). This seeming contradiction can be explained by the fact that not only cloud cover prohibits the inclusion of a grid cell into the remotely sensed MODIS albedo data set but also certain glacier surface characteristics. The here used MOD10A1 product is designed as a snow product [Hall et al., 2002] , i.e., to primarily extend over snow or ice surfaces only, and is thus known to have data voids in areas where glacier surfaces are covered by dense debris layers [M€ oller et al., 2014] . Hence, voids of MODIS albedo data might also occur in areas where glacier tongues are covered by moraine debris, a glacier surface characteristic that is not uncommon on Svalbard [Boulton, 1970; Hubbard et al., 2004] and that is increasingly unveiled over the ablation season with diminishing snow cover. Accordingly, the typical increase of non-MODIS-covered areas over the ablation seasons and the following decrease over the beginning of the accumulation season (Figure 3c ) can more be seen as a product of surface than of atmospheric conditions. However, one has to bear in mind that despite all these considerations the HiRSvaC500-a albedo fields are, on average, formed by 92.9% of modeled and only 7.1% of extrapolated values (Figure 3c ). About one fourth of the extrapolated values are, in addition, permanently bound to the outer, northeasterly island of Kvitøya (Figure 1) , which anyway has to be considered with special care when it comes to the applicability of the HiRSvaC500-a albedo fields. The latter is because of the fact that almost all grid cells belonging to
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M € OLLER AND M € OLLER SVALBARD GLACIER ALBEDO: HiRSvaC500-athis island regularly show albedo values that have been created by extrapolation only. This means that, especially when using HiRSvaC500-a albedo data from Kvitøya, one has to deal with uncertainties and potential inaccuracies of unquantifiable magnitude. Strictly speaking, this is the case for all areas without coverage by MODIS-derived albedo data (Figure 1 ).
For all other areas, a comprehensive validation of the HiRSvaC500-a albedo fields is done with respect to both spatial and temporal variability. Modeling performance with respect to spatial variability is tested by comparing archipelagowide, modeled HiRSvaC500-a and remotely sensed MOD10A1 albedo fields. Modeling performance with respect to temporal variability is tested by comparing modeled HiRSvaC500-a albedo values at the locations of two AWS (Figure 1 ) to the respective in situ measurements.
The spatial validation is based on the set of validation days with existing albedo values, i.e., days within the mass balance year 2014/2015 that lie outside the polar-night period (1 September 2014 to 24 October 2014 and 16 February 2015 to 31 August 2015). On average, daily HiRSvaC500-a albedo fields are able to explain 38.0 6 18.3% of the spatiotemporal variability within the daily MOD10A1 albedo fields (Table 1 ). This level of explanatory skill is accompanied by a close-to-zero mean difference between daily HiRSvaC500-a and MOD10A1 albedo fields (10.017 6 0.050; Table 1 ) and an associated root mean square (RMS) error of 0.138 6 0.039 (Table 1) . Over the ablation season, i.e., the period June to August, when the largest impact of albedo variability on total glacier mass balance over the year is expectable, the mean variance explanation is 58.4 6 9.3% (Table 1 ). In the peak-ablation month July, it even increases to 67.7%. The RMS error (0.106 6 0.017; Table 1 ) is smaller when calculated over this period as when calculated over the entire year. The obvious similarity between monthly mean HiRSvaC500-a and MOD10A1 albedo fields of these months (Figure 5b) further supports a reliable level of explanatory skill.
In June, a slight underestimation of snow albedo across the higher, central parts of the large ice caps and contiguous ice fields of the archipelago is observable. The underestimation diminishes in July and vanishes almost completely in August. This systematic pattern can be attributed to snowfall, which still occurs episodically in higher terrain elevations in June. However, the effect of short summer snowfalls, which are able to temporally raise albedo over a couple of days, is not captured by our model. It forms one of the major shortcomings of the HiRSvaC500-a data set. With ongoing summer, the frequency of high-elevation snowfalls decreases considerably, yielding more accurate HiRSvaC500-a albedo values across the higher parts of the archipelago. In exchange, a slight underestimation of ice albedo across the lower and thus outer parts of all ice masses emerges in July, which, however, already diminishes in August.
A lower modeling accuracy is evident over the winter months. For the period September to May, the mean variance explanation drops down to 27.8 6 11.2% and the associated RMS error increases to 0.154 6 0.038 (Table 1) . At the beginning of the accumulation season in autumn, the HiRSvaC500-a albedo fields generally overestimate the MOD10A1 albedo fields (Figure 5b ). This pattern, however, changes during winter and switches to almost similar monthly mean albedo fields at the end of the accumulation season in late spring (Figure 5b ).
The temporal validation is based on two different data sets given by the records from the two AWS (27 May 2008 to 4 August 2011 for AWS1 and 7 April 2014 to 28 October 2014 for AWS2) exclusive of polar-night periods. A comparison between in situ measured albedo and both modeled and remotely sensed albedo indicates that the accuracy of the HiRSvaC500-a albedo data is close to that of the MOD10A1 albedo data ( Figure 6 and Table 2 ). Certain numbers even suggest the albedo data of HiRSvaC500-a to be superior to 
M € OLLER AND M € OLLER SVALBARD GLACIER ALBEDO: HiRSvaC500-a 414 those of MOD10A1. The mean differences between modeled and measured albedo at the locations of the two AWS are distinctly smaller than those between remotely sensed and measured albedo (Table 2) . However, this has to be attributed to the fact that the HiRSvaC500-a albedo fields slightly underestimate the MOD10A1 albedo fields over the summer season (Table 1) , during which AWS data are most frequently available. The underestimation of MOD10A1 by HiRSvaC500-a implies, that with respect to the characteristic decrease of albedo, which is regularly happening during early summer, the HiRSvaC500-a time series tends to slightly lead the MOD10A1 time series. For the characteristic increase of albedo during autumn, the picture is less clear and no clear regular lead or lag behavior is observed.
In general, MOD10A1 data are known to be distinctly more accurate over continental-scale glaciers than over smaller and steeper mountain glaciers , but even over more complex terrain they are documented to reproduce in situ albedo conditions reasonably well, with individual RMS errors mostly lying around $0.10 6 0.05 [e.g., Greuell and Oerlemans, 2005; M€ oller et al., 2011 Pan et al., 2015; Wang et al., 2015] . The overall RMS errors obtained in our validation are slightly smaller between modeled and measured than between remotely sensed and measured albedo values (Table 2) . But all lie in the range 0.12-0.16 and thus within a range that is typical for MODIS albedo data. This again suggests that our modeled HiRSvaC500-a albedo data can be expected to reach an accuracy which is close to that of 
M € OLLER AND M € OLLER SVALBARD GLACIER ALBEDO: HiRSvaC500-aMODIS-observed albedo data. When looking at these error magnitudes and the seeming superiority of HiRSvaC500-a over MOD10A1 it has to be borne in mind that here the integrated value of a 0.25 km 2 MOD10A1 or HiRSvaC500-a pixel is compared to an in situ measurement at an AWS which is located at one single point somewhere in this pixel. This implies that parts of the error are attributable to spatial variability of albedo across the pixel area. However, attention has to be paid to the fact that longer-term, weekly variability of albedo is better represented by the HiRSvaC500-a data set than short-term, daily variability. This can be seen from the clear increase of explained variance between the R 2 that are related to daily albedo (0.274 for AWS1 and 0.617 for AWS2) and the R 2 that are related to running weekly average albedo (0.400 for AWS1 and 0.705 for AWS2; Table 2 ). For comparisons between AWS and MOD10A1 albedo data, this increase is also given, but it is much less pronounced. This finding can be explained as follows. The MOD10A1 albedo is known to exhibit a higher temporal variance than albedo shows in reality, albeit the general course of seasonal albedo evolution is reliably reproduced [Stroeve et al., 2006] . The creation algorithm of HiRSvaC500-a, however, employs information from several tenths of MODIS albedo fields to derived one daily albedo field or even a couple of 100 MODIS fields to derive one 7 day aggregate. This suggests, that from a certain number of employed MOD10A1 albedo fields onward, the HiRSvaC500-a albedo fields are able to level out the overestimation of the temporal variance which is present in the MOD10A1 data. By this means, it is theoretically indeed possible to obtain modeled albedo fields which are superior in accuracy than the remotely sensed albedo fields on which they are based. The arguing that a large number of MODIS fields is needed to yield HiRSvaC500-a albedo fields which are superior in accuracy is supported by the fact that the daily MOD10A1 albedos are, in general, better able to explain the variance of in situ measured AWS albedos than HiRSvaC500-a albedos are able to do (Table 2) .
Taken together, the spatial and temporal validations of the HiRSvaC500-a albedo data set reveal that satellite observations are still superior in capturing the day-to-day variability in albedo evolution but that our modeled albedo fields perform similar to the MODIS albedo product when it comes to a tracing of longer-term albedo variability. Also, the general overall accuracy of HiRSvaC500-a is suggested to be close to that of MOD10A1.
Albedo Distribution and Evolution Across Svalbard
The albedo fields across Svalbard show a characteristic pattern of spatiotemporal evolution over a mass balance year (Figure 7 ). With the beginning of the mass balance year in September, the starting of the buildup Figure 6 . Comparison between in situ daily mean albedo measurements at the automatic weather stations on De Geerfonna (AWS1) and Elfenbeinbreen (AWS2) (cf. Figure 1 ) and the corresponding remotely sensed MOD10A1 albedo and modeled HiRSvaC500-a albedo. Individual values of the latter two are taken from the pixels that contain the location of the respective AWS. When averaged over the entire archipelago a clear intra-annual course of albedo emerges (Figure 7b ). Starting from 0.709 6 0.191 (mean 6 one standard deviation over time) in September at the beginning of the mass balance year, the mean archipelago-wide albedo increases to 0.875 6 0.123 in February and March, before it starts a sharp drop toward the peak of the ablation season in July (0.589 6 0.135) and August (0.529 6 0.158). From the associated standard deviations (Figure 7b ), which show the spread of mean monthly albedo values over the entire 1979/1980-2014/2015 period, it becomes obvious that the interannual variability clearly peaks in September (0.191) with August and October (0.158 and 0.148) being also above the average, which is 0.135. During the months of the later accumulation season, the inter-annual variability is distinctly smaller, dropping from 0.123 in February to 0.108 in May. Taken together, this indicates that the variability between the ablation seasons is clearly higher than the variability between the accumulation seasons, a pattern that has analogously already been identified in mass balance studies for several ice bodies on Svalbard [e.g., M€ oller et al., 2013; Rye et al., 2010; van Pelt et al., 2012] .
Across the different subregions of Svalbard (cf. Figure 1) , the intra-annual courses of albedo vary considerably (Figure 7b ). Subregions 6 and 7, i.e., the large ice caps Vestfonna and Austfonna, show an intra-annual course of albedo which is similar to that of the archipelago-wide mean but shifted toward slightly higher albedo values. The mean albedo of subregions 1 and 3 is generally closest to the archipelago-wide mean, while subregions 2, 4, and 5 show average intra-annual courses of albedo that are shifted toward lower values. Among these, subregion 4 clearly shows the lowest monthly mean albedo values over the entire mass balance year (Figure 7b and Table 3 ). Even during winter, the average monthly mean albedo does never exceed 0.801 and it already drops to 0.772 in April. This rather low value for completely snow covered 
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M € OLLER AND M € OLLER SVALBARD GLACIER ALBEDO: HiRSvaC500-aglaciers in spring can partly be explained by the proximity of the glaciers within this subregion to the two main settlements of Svalbard, Longyearbyen, and Barentsburg (Figure 1 ). Ivanov and Svyashchennikov [2015] carried out ground-based measurements of the albedo field on Aldegondabreen, a small cirque glacier that is situated within less than 10 km from Barentsburg. They found albedo values in the remarkably low range of $0.05-0.65 during April 2005, which they were able to attribute to contamination by lightabsorbing impurities. This suggests that anthropogenic influences around the settlements on Svalbard can have a substantial, lowering impact on glacier albedo.
Moreover, subregion 4 is almost entirely characterized by small valley and cirque glaciers, which are represented only by a small number of individual grid cells within the HiRSvaC500-a albedo fields. This means that the relative share of marginal grid cells in the total number of grid cells per glacier is rather high. However, and due to the still rather course resolution of 500 m, these marginal grid cells often represent a composite of both glacier surface and surrounding rock surface. This makes integrated albedo values across the grid cell being lower than in the case of completely glacierized grid cells. This effect is even more clearly visible through the albedo-pattern characteristics of subregion 2, which generally shows the second lowest albedo values across Svalbard (Table 3 and Figure 7b ) and which is also almost entirely characterized by small valley and cirque glaciers (cf. Figure 1) . However, the fact, that especially across subregions 2 and 4 but also along the outer margins of the other non ice cap-dominated subregions, low albedo values are continuously present over all months of the year (Figures 5a and 5b) , also supports other explanations. Most probable, the rather rough, crevasse-dominated surface structures, which often characterize glacier edges in mountainous terrain, lead to low albedo values in satellite-based measurements across the abovementioned areas. Such effects have been intensively documented before [e.g., Lhermitte et al., 2014, and references therein].
The only subregions that show patterns of intra-annual albedo evolution that are generally different from the intra-annual course of the archipelago-wide mean albedo are subregions 8 and 9 (Figure 8b ). Subregion 8 shows albedos similar to those of the archipelago-wide mean during winter but also the second lowest albedo values of all subregions during summer. This is explainable by the shape of its individual ice bodies. The large ice caps (cf. Figure 1 ) feature areas of constantly high albedo during winter but turn into largely bare-ice areas in summer because of their extremely low-lying hypsometry (Table 3 ). Subregion 9, in contrast, shows an intra-annual course of albedo that is kind of cutoff during winter (Figure 8b ). This finding again suggests, that the HiRSvaC500-a albedo values of subregion 9 have to be considered with special care. They indeed suffer from uncertainties and potential inaccuracies of unquantifiable magnitude (cf. section 4.1.) and even show an unrealistic intra-annual course. The latter suggests that HiRSvaC500-a albedo data from Kvitøya (subregion 9) should only be used during the summer season, during which the observed albedo pattern matches expectations.
Apart from this characteristic intra-annual evolution of archipelago-wide albedo patterns, a distinct longterm temporal development is evident within the albedo time series, which is shown in Figure 8a . Annual (Table 3) . Subregion 8 shows the strongest trend at 20.014 per decade, which can be attributed to its predominantly flat, low-lying topography, where rising equilibrium line altitudes have the largest impact. Annual minimum glacier-wide mean monthly albedos do, however, not show any significant trends except for a signal of 20.009 per decade in subregion 1 (Table 3 ). All other subregions except for subregion 9 indeed also show negative trends over the study period, but are not statistically significant. Taken together, this can be interpreted in a way that minimum albedo values during summer cannot be lowered any further but only the period of their occurrence shows an extension with time. In relation to climate, the observed trends are explainable by a highly significant (99.9% level), positive trend in the time series of annual maxima of CP, which is directly related to a likewise highly significant, positive trend in annual mean air temperatures. This positive air temperature trend on Svalbard is a well-documented fact for recent decades and has been reported elsewhere before [e.g., Førland et al., 2011] . In combination with a slight but insignificant, negative trend in the annual maxima of CS, the recent warming promotes a faster and longer-lasting albedo decrease over a mass balance year and thus generally lower albedo values over the entire year.
Conclusion
A new data set of modeled glacier albedo, HiRSvaC500-a, was introduced. This data set provides gap-less albedo fields across all glacierized areas of the Arctic archipelago Svalbard on a consistent 500 m horizontal resolution grid over the mass balance years 1979/1980-2014/2015 . It was created using a specifically designed geostatistical modeling which relates albedo fields across the archipelago to the three meteorological quantities cumulative positive degree days over a mass balance year, cumulative snowfall over a mass balance year and daily mean air temperatures. The model is calibrated on the basis of MODIS albedo fields and ERA-Interim climate data. Due to the specific architecture of the creation procedure and the strong dependency of model calibration on remotely sensed data, the accuracy of the newly introduced, fine-resolution data set can be expected to be close to that of the MOD10A1 albedo fields they are based on; but with the substantial advantage of a gapless coverage. A comparison with in situ albedo measurements at two automatic weather stations reveals root mean square errors in the range 0.12-0.16. Errors between remotely sensed MODIS data and the in situ measurements lie in the same range. This makes HiRSvaC500-a a reliable data set for application in regional or archipelago-wide glacier mass balance modeling across Svalbard or for other related applications.
However, three major shortcomings of the modeled albedo fields have to be born mind when using HiRSvaC500-a data: (a) changes of surface albedo due to not directly climate-related influences like rock fall or sustainable firn metamorphism are not captured. (b) Subregional-scale climate variability across the archipelago and the subsequent variability of its influences on albedo are not accounted for. (c) Temporally limited increases of albedo in summer due to episodic, short snowfall events are not reproduced.
Based on the entire HiRSvaC500-a albedo data set, characteristic spatial and temporal pattern of albedo evolution across Svalbard were identified and analyzed. The evolution of the archipelago-wide albedo pattern over the course of a mass balance year starts with an increase of albedo across the northern and highlying parts due to incipient snowfall. Albedo increase toward the mean winter level ($0.875 6 0.123) throughout the southern and low-lying parts does not start until October. In the following spring, the spatial evolution of the albedo pattern happens vice versa, until the bottom level in mid-summer ($0.559 6 0.146) is reached. Across the archipelago, the average albedo of the large ice caps Vestfonna and Austfonna (subregions 6 and 7) is highest, while the average albedo of the small valley and cirque glaciers of subregions 2 and 4 is lowest.
The archipelago-wide mean albedo, including the mean albedos of all subregions taken by themselves, show negative trends over 1979-2015. These trends range between 20.003 per decade (subregion 9) and 20.014 per decade (subregion 8), with all of them being statistically significant on the 95% level except for Kvitøya (subregion 9). They indicate a continuous lowering of the mean glacier albedo on Svalbard over recent decades, which is especially pronounced over Barentsøya and Edgeøya (subregion 8) and over southern Spitsbergen (subregion 5). This development can be traced back to the highly significant (99.9%
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M € OLLER AND M € OLLER SVALBARD GLACIER ALBEDO: HiRSvaC500-alevel) trend in the annual maxima of cumulative positive degree days over 1979-2015. This trend, in turn, is directly related to the similarly significant trend which can be found in annual mean air temperatures of the same period.
